A total of 401 enterohemorrhagic Escherichia coli (EHEC) O157:H7 isolates from two experimentally infected calves were analyzed using molecular biological methods. Genetic differences detected by pulsed-field gel electrophoresis were observed between the inoculated and recovered strains as early as 1 day post inoculation. The loss of the inoculated clone was observed in one calf. Replication and dissemination of the EHEC O157:H7 strains that mutated in cattle may result in the diversification of this organism among cattle populations. ß
Introduction
Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is recognized as an important foodborne pathogen worldwide [1] . Human infection causes diarrhea, severe abdominal cramps and hemorrhagic colitis, sometimes complicated by hemolytic uremic syndrome [2] . Ever since the ¢rst identi¢ed outbreak of this pathogen was linked with ground beef consumption in the USA in 1982, a bovine reservoir has been suspected [2] . This is further corroborated by the fact that direct transmissions from cattle to humans have also been reported [2^4] . In the reports of direct transmission, the genetic similarities of isolates from cattle and humans were the primary evidence of the route of transmission.
Genetic diversity among EHEC O157:H7 isolates has been reported [5^10] . This diversity is produced by mutation, for one explanation [11] . Speci¢cally, several groups have reported instability of molecular markers of EHEC O157:H7. The loss of shiga toxin (stx) gene, accompanied by changes in pulsed-¢eld gel electrophoresis (PFGE) patterns has been observed following laboratory passage [12] . The genetic changes and clonal replacement of this organism observed in human patients infected with EHEC O157:H7 is referred to as clonal turnover [13] . In this study, we monitored the genotypes of EHEC O157:H7 isolates from two experimentally infected cattle using PFGE, PCR for the detection of stx and eaeA genes and plasmid pro¢le to identify the clonal turnover of EHEC O157:H7.
Materials and methods

Experimental animals and inoculation
Three 8-week-old Holstein steers were housed individually in climate-controlled BSL-2 containment barns in accordance with the guidelines of animal experimentation de¢ned by the National Institute of Animal Health of Japan. Pens had individual £oor drains and were cleaned twice daily with water and disinfectant. The calves were fed milk replacer (without antibiotics) in the morning and afternoon. All animals were healthy and culture negative for EHEC strains as determined by a previously described technique [14] prior to inoculation. EHEC O157:H7 strain 3-0 [15] , which was isolated from cattle in Japan in 1996, was used for inoculation. This strain harbors a single 90-kb plasmid and the genes for stx2 and eaeA, but no stx1 was detectable by PCR. Two of three calves (Nos. 1 and 2) were inoculated via a stomach tube with 10 9 CFU exponential phase culture of EHEC O157:H7 strain 3-0 which had been grown in Trypticase soy broth (Becton Dickinson, Cockeysville, MD, USA). The remaining calf (No. 3) was used as an uninoculated control. Fecal samples of these calves were obtained once daily for 63 days by digital rectal retrieval.
Isolation of EHEC O157:H7
Fecal culture was performed as previously described [15] . Brie£y, 1 g of feces was added to 10 ml of saline in capped tubes and serially diluted with saline for direct plating. MacConkey sorbitol agar (Difco, Detroit, MI, USA) plates with 50 ng ml 31 ce¢xime (Dynal) and 2.5 Wg ml 31 tellurite (Dynal) (SMAC-CT) were inoculated with 0.1 ml of the diluted fecal samples and incubated for 18 h at 37³C. For enrichment, 1 g of feces was inoculated to 10 ml of broth enrichment medium (mEC ; Kyokuto Pharmaceutical Co., Tokyo, Japan) with 20 Wg ml 31 novobiocin (Sigma, St. Louis, MO, USA) and incubated for 20 h at 42³C. After concentration by immunomagnetic separation (Dynabeads [anti-E. coli O157:H7]; Dynal, Oslo, Norway), the beads were spread on SMAC-CT and incubated for 18 h at 37³C. Up to 10 sorbitol non-fermenting colonies were selected from each SMAC-CT plate and identi¢ed as EHEC O157:H7 by routine diagnostic methods [16] . The most probable number (MPN) of EHEC O157:H7 per 1 g of feces was determined by using enrichment broth medium [17] .
Analysis of EHEC O157:H7 isolates
All the EHEC O157:H7 isolates recovered from calves were analyzed by using the following methods. Ten colonies of EHEC O157:H7 strain 3-0 obtained by subcultivation on SMAC-CT were used as positive controls for each analysis.
For PFGE analysis, genomic DNA of each isolate was prepared by a previously described method [10] . Restriction endonuclease digestion was performed using 30 U of XbaI (Takara Shuzo Co., Shiga, Japan) at 37³C for 6 h. PFGE was performed in 1% agarose gels using a CHEF DRIII apparatus (Bio-Rad, Hercules, CA, USA) in 0.5UTBE (Tris^borate^EDTA bu¡er) at 10³C at 200 V. The pulse time was increased from 15 to 40 s over 24 h. To fractionate and visualize 6 100-kb bands, a pulse time of 4 s over 20 h was applied. Lambda ladders (Bio-Rad) were used as size markers. The numbers of band of sizes di¡er-ent from the inoculated isolates (band di¡erences) were determined by enumerating the loss and addition of bands.
Plasmid DNA was obtained by the method of Kado and Liu [18] . Electrophoretic analysis of plasmid DNA was performed in 0.5% agarose (Wako Pure Chemical Industries, Osaka, Japan) and TBE bu¡er.
PCR was used for detection of the stx2 and eaeA genes [19, 20] . Brie£y, a primer pair V3 (5P-TTCGGTATCC-TATTCCCG) and V4 (5P-TCTCTGGTCATTGTATTA) was used to amplify a 471-bp DNA fragment from the stx2 gene. A primer pair eaeK1 (5P-GCTTAGTG-CTGGTTTAGGAT) and eaeK4 (5P-TCGCCGTTCAGA-GATCGC) was used to amplify a 489-bp DNA fragment from the eaeA gene. Bacterial DNA was ampli¢ed using a TaKaRa PCR Thermal Cycler TP2000 (Takara Shuzo Co.) and electrophoresis was performed in 2% agarose and TBE bu¡er. the measured level of EHEC O157:H7 present in the feces decreased and remained between 4 and 10 2 CFU until 49 days post inoculation (Fig. 1A) . EHEC O157:H7 was detected in the feces of calf No. 2 shed from 1 to 5 days post inoculation at levels between 10 5 and 10 7 CFU. The level of fecal EHEC O157:H7 from days 6 to 50 did not exceed 10 4 CFU (Fig. 1B) . All the EHEC O157:H7 isolates obtained on and after 9 days post inoculation were isolated from enrichment culture only. EHEC O157:H7 was not recovered after 50 days post inoculation from the inoculated calves. The uninoculated control calf No. 3 was culture negative through the experimental period.
Isolation and analysis of EHEC O157:H7
Two hundred and ¢fteen isolates and 186 isolates of EHEC O157:H7 were recovered from calves Nos. 1 and 2, respectively. A total of 401 isolates were analyzed by PFGE, plasmid pro¢le and PCR for stx2 and eaeA genes.
Among 215 isolates from calf No. 1, 109 isolates had di¡erent PFGE pro¢les from that of the inoculated strain. Thirty-eight of 186 isolates from calf No. 2 also had di¡er-ent PFGE pro¢les (Table 1) . We call these isolates`mutated isolates'. The 109 novel PFGE pro¢les obtained from calf No. 1 and the 38 novel PFGE pro¢les obtained from calf No. 2 could be grouped into 17 and 10 di¡erent genotypes, respectively (Table 1) . From one to six band di¡erences were observed among the isolates. A common PFGE pro¢le was not observed among the mutated isolates between the two inoculated calves.
We observed the loss of the 90-kb plasmid among mutated isolates recovered from calf No. 1 at 18 days post inoculation. None of the isolates recovered from calf No. 1 on and after 32 days post inoculation contained the 90-kb plasmid. Approximately 60-and 30-kb bands on the PFGE pro¢les of these isolates were lost (Fig. 2) . The result of PFGE of isolated 90-kb plasmid showed that these two bands are originated from the 90-kb plasmid (Fig. 2) . The results that the up to four band di¡er-ences from the chromosome origin was observed should be considered when undertaking an epidemiological survey using PFGE.
The stx2 gene was not detected in two isolates from calf No. 1 recovered at 5 and 47 days post inoculation by PCR. One isolate has the same PFGE pro¢le as that of the inoculated isolates. The other was a mutated isolate belonging to PFGE subtype 13. Also, the stx2 gene was not detected in eight isolates from calf No. 2 recovered at 1, 18, 42 and 45 days post inoculation. PFGE pro¢les of all but one of these isolates were the same as the inoculated isolate. The remaining isolate was a mutated isolate belonging PFGE subtype 23. The genes for stx1 and stx2 were carried on bacteriophages and the loss of the stx gene with changes of PFGE pro¢le have been reported [12, 13] . The stx2 gene undetectable isolates speci¢c PFGE pro¢le was not observed in this study. On the other hand, the gene for eaeA was detectable from all the EHEC O157:H7 isolates suggesting the gene for eaeA is relatively stable.
Changes of genotypes of EHEC O157:H7 in the course of fecal shedding
In this study, the shift of genotypes, as determined by PFGE, was observed in both cattle. Mutated isolates were recovered from calf No. 1 as early as 1 day post inoculation. All the isolates recovered from the feces from calf No. 1 collected 18 days post inoculation were mutated isolates with the loss of the 90-kb plasmid. Though the isolates having the same PFGE pattern as the inoculated isolates were recovered on three sampling dates on and after 21 days post inoculation, all the isolates recovered from feces collected on and after 32 days post inoculation were mutated isolates with loss of the 90-kb plasmid (Fig.  1A) . Mutated isolates were also recovered from calf No. 2 as early as 2 days post inoculation. From one to three mutated isolates were isolated from feces collected 13 of 16 sampling dates up to 32 days post inoculation. All the isolates recovered at 38 and 42 days post inoculation were mutated isolates belonging to PFGE subtype 23 (Fig. 2) , while the PFGE patterns of all the isolates recovered at 45 and 50 days post inoculation were the same as that of the inoculated isolates (Fig. 1B) . All the EHEC O157:H7 isolates obtained on and after 9 days post inoculation were isolated from enrichment culture, so the possibility that we detected the growth of a unique clone cannot be denied. However, we never detected any isolates having the same PFGE pro¢le as that of the inoculated strain on and after 32 days post inoculation from calf No. 1. The possibility of concurrent infection with multiple genotypes can be ruled out in this experimental environment and no changes in the molecular marker of the 10 isolates obtained by subcultivation of the inoculated strain were observed. So it can be considered that this phenomenon re£ected a genetic change and clonal replacement within the calves. On the other hand, it should be noted that there was a small peak of fecal shedding of EHEC O157:H7 in each calf just prior to the shift of genotypes (Fig. 1) . These peaks of fecal shedding of EHEC O157:H7 may indicate the proliferation of mutated isolate within the calves.
Karch et al. [13] used PFGE to compare the ¢rst and last EHEC O157:H7 isolates from long-term shedders. In three of the seven human patients, PFGE types of the isolates were varied. They referred to this phenomenon as clonal turnover, which refers to`dramatic changes in clonal composition characterized by the appearance of new clonal genotypes and loss of old clones'. The shift of genotypes of EHEC O157:H7 isolates in calf No. 1 was in agreement with this de¢nition. No speci¢c characters except for molecular markers of new clones from calf No. 1 have been observed to date. The exact nature of the mechanism governing the clonal turnover of EHEC O157:H7 within cattle remains unclear to us.
The duration of EHEC O157:H7 colonization within cattle is typically 2 months or less [21] . On the other hand, Shere et al. [22] reported that EHEC O157:H7 strains can persist in a herd for a 2-year period based on the results of a longitudinal study on four dairy farms. They pointed out that the fecal shedding of this agent in cattle was intermittent and may result from re-inoculation from environmental sources rather than colonization. Though the fecal shedding of EHEC O157:H7 was also observed for a relatively short period, about 50 days in this study, the shift of genotype of EHEC O157:H7 was observed within both calves. These results indicate that multiple EHEC O157:H7 genotypes with relatively high similarity can exist in one farm at the same time and the diversity of the genotype of this agent is ampli¢ed in the course of its persistence on a farm. Some reports have corroborated this possibility [10,15,16,22^24] . Replication and dissemination of the EHEC O157:H7 strains mutated in cattle by clonal turnover may lead to the diversi¢cation of this agent among cattle populations.
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